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Exchange Symmetry
Symmetry with respect to particle exchange

ψ12(r1,r2) → +ψ12(r2,r1)

S. Bose, 1924
A. Einstein, 1924-5

Multiple state occupation

At T=0

Bosons
(integer spin)

ψ12(r1,r2) → -ψ12(r2,r1)

Obey Pauli exclusion principle

E. Fermi, Feb. 1926
P.A.M. Dirac, Aug. 1926

EF

Fermions
(½-integer spin)

Fermions and bosons differ in respect to particle exchange.  This difference leads to 
a completely different hierarchy of quantum state occupation at low temperatures.
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Ultracold Fermi Gases –
The Next Frontier?

• Building blocks of matter
• Connections to condensed matter

– Superconductivity (high-Tc?)
– Pseudo-gap
– Lattices
– Luttinger liquid, spin-charge separation, …

Fermions are the building blocks of matter.  Consequently, many of the important 
paradigms of condensed matter physics can be realized with cold atomic gas that 
obey Fermi statistics.  However, because the densities in cold atom experiments are 
many orders of magnitudes less than those in condensed matter, these systems are 
much simpler theoretically.
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BCS/Pairing Transition
• Cooper pairing

– Superconductivity
– Superfluidity 3He
– Dilute gas?

• For s-wave pairing, Tc – TF exp(-1/kF|a|)  (BCS)

• For 6Li, a = -1100 D ⇒ Tc = 30 nK @ 1012 cm-3

– Stoof et al., PRL 76, 10 (1996)

Weak coupling
- BCS

Strong coupling -
BEC of molecules?

• Interactions variable for quantum gases
•current theories break down for strong coupling:

kF|a| > 1     or     n|a|3 > 1

Cooper pairing is the mechanism underlying both superconductivity in certain 
solids, as well as superfluidity in liquid helium-3.  BCS theory predicts that the 
transition temperature to the superfluid state depends exponentially on the scattering 
length a.  Henk Stoof and I proposed that lithium-6 would be a good candidate for 
creating a Fermi superfluid in ultracold gases.  However, the current theories of 
superconductivity and superfluidity break down for strong interactions, 
necessitating the development of new theory.  This is currently underway at a 
number of institutions.  In this regime, the Cooper pairs resemble loosely bound 
diatomic molecules.  
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Sympathetic Cooling of Fermions
• Pauli principle forbids s-wave interactions between identical fermions

6Li 6Li

Fermions

Use both 6Li and 7Li

6Li
7Li

7Li

Bosons

Ψ(1,2)  =  ψspatial χspin must be antisymmetric

Symmetry  = (-1)l × +1  ⇒ l = 1, 3, … but too cold for p-wave 

Spin-polarized fermions are forbidden to interact via s-wave interactions by their 
exchange symmetry requirement.  Since  other partial waves are “frozen out” by the 
low temperatures, a spin-polarized Fermi gas is essentially ideal.  This prevents 
evaporative cooling by the usual direct method employed successfully to cool 
bosons.  We use a “sympathetic” technique, where actively evaporated lithium-7 
atoms (bosons) cool the lithium-6, the fermions, by thermal contact. 
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Quantum Degenerate Fermions

• JILA:  40K, two spin states

• Rice, Paris:  6Li, symp. with 7Li

• Duke:  6Li, two spin states in optical trap

• Florence: 40K, symp. with 87Rb

• MIT: 6Li, symp. with 23Na

A number of groups have undertaken ultracold fermion research and have adopted 
several different strategies for cooling the atoms.
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Dual Source Apparatus

Cloverleaf
Trap Require vacuum pressure ~ 10-11 Torr

7Li/ 6Li

Zeeman 
Slower

Oven

The apparatus consists of an atomic beam source, a Zeeman slower and a 
cloverleaf-type magnetic trap.
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7Li (Bosons)

T = 810 nk

6Li (Fermions)

T/TF = 1.0

T = 240 nk T/TF = 0.25

T = 510 nk T/TF = 0.56

Truscott et al., Science 291, 2570 (2001)

Sympathetic Cooling

N ≈ 105

We succeeded a couple of years ago to cool the Bose/Fermi mixture of lithium 
isotopes to quantum degeneracy.  The size and shape of the Bose cloud changes 
significantly with temperature as can be seen in the images on the left side.  
However, the fermions obey the Pauli principle which causes them to have a 
residual energy and pressure at zero temperature.  This Fermi pressure is the same 
physical mechanism responsible for stabilizing white dwarf and neutron stars.
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Truscott et al., Science 291, 2570 (2001)

This figure shows the axial size of the fermion  cloud as a function of temperature.  
The effect of Fermi pressure is observed at the lowest temperatures.
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Limit of Sympathetic Cooling With 
Bosons

• Want CB > CF
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• But CB = 11 NckB

and

CF = π2NFkB(T/TF)

• ⇒ T/TF > 0.3

• Deeper cooling obtained by evaporation of 
fermions and bosons

Dual Evaporation

Sympathetic cooling is no longer effective when the heat capacity of the refrigerant, 
the bosons, falls below that of the fermions.  This happens when the temperature T
goes below 0.3 TF.  This limit is consistent with our minimum observed temperature 
of 0.25 TF.  Further cooling can be accomplished by evaporating both the fermions 
and bosons, a process of dual evaporation.
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Dual Evaporation Results
6Li7Li

T

1.5 µK

1.2

1.0

1.0

0.9

0.8

0.7

0.56

N T/TF

50×106 0.12

30           0.11

13           0.15

7             0.09

22           0.10

10           0.09

11           0.09

7             0.08

These images demonstrate the large improvement made possible by dual 
evaporation.  We have increased the number of fermions by a factor of 100 while 
simultaneously lowering the minimum temperature by a factor of 3.
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These are profiles of the density distributions for both bosons and fermions.  The 
isotopes are in thermal equilibrium.
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Cooper Pairing in 6Li
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S-wave pairing symmetry forbidden between identical atoms
 ⇒ Create incoherent mixture of two states

Stoof et al., PRL 76, 10 (1996)

• Requires optical trap
• Tunable interactions

Cooper pairing requires a large, attractive interaction.  Because of the Fermi 
symmetry, a two-spin state incoherent mixture is needed.  The lowest two Zeeman 
sub-levels exhibit a Feshbach resonance, that enables tunability of the interaction 
strength and sign, as shown in the next slide.
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Feshbach Resonance

Tune dissociative state into resonance with a bound molecular state

A Feshbach resonance is a magnetically tuned collisional resonance in which an 
open channel of two colliding free atoms is tuned near a molecular bound state.  The 
scattering length is large and positive when the molecular state is bound, while it 
becomes large and negative when the molecule is unbound.
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7Li Feshbach Resonance

Repulsive

Attractive

1.5 µm BEC

6 mm

ωr,z = 600 / 3 Hz
λ = 1/200

Make large stable BEC

No = 3 × 105

“pure condensate”
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This is an example of a Feshbach resonance in the boson, lithium-7.  We trapped the 
atoms in an optical trap and formed a Bose condensate by tuning to a field where 
the scattering length is positive.  The field is then reduced to where the interactions 
are weakly attractive.  If the confinement is effectively one-dimensional the 
condensate will form matter wave solitons.
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K.E. Strecker et al., Nature 417, 150 (2002)

This is an image of the resulting solitons.  Each peak is Bose-Einstein condensate in 
which wave-packet dispersion is balanced by attractive interactions.
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Tunable Interactions in 6Li
• Feshbach resonance in 6Li

Houbiers, Stoof, McAlexander, Hulet, PRL 57, R1497 (1998)
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This is the calculated Feshbach resonance for lithium-6.
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Coherent Drive at a ≈ 0
B = 530 G

Undamped Rabi oscillations
⇒ Coherent superposition of both states

As said previously, ultracold fermions will not interact unless they are in an 
incoherent superposition.  We found that making such a superposition was not 
trivial to create.  Starting with all the atoms in the lowest sublevel (F=½, mF=½ ), 
we used rf to drive the transition to the next sublevel (F=½, mF=-½).  We found that 
the population oscillated coherently for many seconds, without decohering for the 
lifetime of the atoms in the trap (~20 s).
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We tuned the magnetic field to 530 G, where a  ≈ 0, and created a 50% mixture in 
each spin state.  The lifetime of the mixture, was the same as a pure states.
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Suppression of Interactions in Coherent Mixture
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Next, we tuned the field to 903 G where the scattering length has an extremely large 
magnitude.  In this case, we would expect an interacting gas to have a very short 
lifetime in the trap because as the atoms elastically scatter and evaporate out of the 
short trap.  Incredibly, we again find the lifetime of the 50/50 mixture is the same as 
that of a pure state.  This demonstrates that each atom in the coherently prepared 
mixture is identical and again, Fermi statistics prevents interaction.  We believe that 
the long coherence time are evidence of extreme magnetic field homogeneity.
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Noisy rf Drive
Broadened rf pulse gives damped Rabi oscillations

Lifetime at 900 G:  τ ≈ 1 s

An rf field in which white noise is added to spectrally broaden it results in damped 
Rabi oscillations.  Although such dynamics are indicative of decoherence they can 
also occur in a completely coherent system, such as this one.  We would expect that 
the coherent Rabi oscillations would revive sometime after the initial damping at 20 
ms.  
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Summary

• Dual evaporation gives 50 million fermions at T = 0.1 TF

• Demonstrated suppression of interactions by coherent        

superposition  - applicable to atomic clocks

• Looking for evidence of Cooper pairing and superfluidity
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The two guys, left and center, are Kevin Strecker and Guthrie Partridge, who 
performed the experiments discussed in this talk.
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Compact Femtosecond Laser-based Optical Synthesizer for Precision
Measurements and Atomic Clocks in the Optical Domain

Scott Diddams & Leo Hollberg
NIST-Boulder
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Experiments with ultracold quantum-degenerate fermionic lithium
atoms

Wolfgang Ketterle

Research Laboratory for Electronics, MIT-Harvard Center for Ultracold Atoms, and
Department of Physics

Massachusetts Institute of Technology, Cambridge, MA 02139, USA
e-mail: ketterle@mit.edu

This article summarizes recent work at MIT on quantum-degenerate Fermi gases.  An
overview of this work was presented at the NASA workshop in Oxnard on 4/14/2003.

1. Two species mixture of quantum degenerate Bose and Fermi gases

Experimental methods of laser and evaporative cooling, used in the production of
atomic Bose-Einstein condensates have recently been extended to realize quantum
degeneracy in trapped Fermi gases [1].  Fermi gases are a new rich system to explore the
implications of Pauli exclusion on scattering properties of the system, and ultimately
fermionic superfluidity.

We have produced a new macroscopic quantum system, in which a degenerate 6Li
Fermi gas coexists with a large and stable 23Na BEC [2].  This was accomplished using
inter-species sympathetic cooling of fermionic 6Li in a thermal bath of bosonic 23Na.  We
have achieved high numbers of both fermions (>105) and bosons (>106), and 6Li quantum
degeneracy corresponding to one half of the Fermi temperature.  This is the first time that
a Fermi sea was produced with a condensate as a “refrigerator”.

Low rates for both intra- and inter-species inelastic collisions result in a lifetime longer
than 10 s. Hence, in addition to being the starting point for studies of the degenerate
Fermi gas, this system shows great promise for studies of degenerate Bose-Fermi
mixtures, including collisions between the two species, and of limitations to the
sympathetic cooling process.

2. Decay of an ultracold fermionic lithium gas near a Feshbach resonance

The interactions between atoms can be strongly modified by tuning magnetic fields to
Feshbach resonances where a molecular state has the same energy as the colliding atoms.

Onset of Fermi degeneracy. Three pairs of
images (top to bottom) correspond to T/TF=
2, 1, and 0.5. (a) Column densities of the 6Li
cloud were recorded by absorption imaging.
(b) Axial line density profiles and the Fermi-
Dirac fits to the data are plotted. The arrow
indicates the size of the Fermi diameter, DF,
which is the diameter of the cloud at zero
Kelvin.
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For degenerate Fermi gases, such control over the interaction strength is crucial in the
search for a superfluid phase transition. Otherwise, the phase transition temperatures are
too low to be experimentally accessible.  Near Feshbach resonances, the enhancement of
the scattering length is usually accompanied by enhanced inelastic collisions, which lead
to rapid trap loss.  We have performed the first study of inelastic collisions in a fermionic
system near a Feshbach resonance. We have observed resonant magnetic field dependent
inelastic decay of an ultracold, optically trapped spin mixture of 6Li [3].

The spin mixture of the two lowest hyperfine states showed two decay resonances at
550 G and 680 G.  The feature near 680 G may be related to the long-predicted Feshbach
resonance around 800 G.  The resonance at 550G was unexpected, but new theoretical
calculations have now identified it as an additional Feshbach resonance [4], which was
not found in previous calculations.  Even on resonance, the observed decay happened on
a time scale longer than the trap oscillation time, the time for elastic collisions, and the
expected sub-millisecond time needed for the formation of Cooper pairs.

3. Radio-Frequency Spectroscopy of Ultracold Fermions

Radio-frequency techniques were used to study ultracold fermions [5].  By starting
with a sample in one quantum state (state 2) and driving it to another state (state 3) we
verified the prediction of the absence of mean-field “clock ”shifts, the dominant source of
systematic error in current atomic clocks based on bosonic atoms.  This absence is a
direct consequence of fermionic antisymmetry which prevents two atoms in the same
state to interact with contact interactions.

Resonance shifts proportional to interaction strengths were observed in a three-level
system when the transition between states 2 and 3 was driven in the presence of atoms in
a third state (state 1).  When the interactions were weak, the observed shifts agreed with
theoretical calculations.  However, in the strongly interacting regime, these shifts became
very small, reflecting the quantum unitarity limit and many-body effects.  This insight
into an interacting Fermi gas is relevant for the quest to observe superfluidity in this
system.

Magnetic field dependence of
inelastic decay of lithium in a
50%-50% mixture of the lowest
two hyperfine states.  The
fraction of the atoms remaining
after a 500 ms magnetic field
pulse is shown (upper graph).
The two resonances are shown
in more detail for 2 s magnetic
field pulses (lower graph).
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Measurement of the mean-field energy in an interacting Fermi gas.  The fraction of atoms transferred by
the radio-frequency pulse from state 2 to state 3.with atoms in state 1absent (solid circles)and present (open
circles).  The mean-field shift due to the presence of atoms in state 1 is computed from Gaussian fits to the
data (solid lines).

4. Fifty-fold improvement in the number of quantum degenerate fermionic atoms
For a long time, the cooling of Fermi gases was lagging behind the studies of atomic

Bose-Einstein condensates (BECs) due to the complexity of cooling methods.  The Pauli
exclusion principle prohibits elastic collisions between identical fermions at ultra-low
temperatures, and makes evaporative cooling of spin-polarized fermionic samples
impossible.  For this reason, cooling of fermions must rely on some form of mutual or
sympathetic cooling between two types of distinguishable particles.  A key element in
fermion cooling is the design of better “refrigerators” for sympathetic cooling.

We have realized evaporative cooling of sodium in the upper hyperfine state (F=2) and
achieved Bose-Einstein condensates in this state by direct evaporation.  Sympathetic
cooling of lithium with that cloud decreased losses due to inelastic collisions encountered
in earlier experiment with sodium in the lower (F=1) state.

This further cooling of the lithium resulted in the production of degenerate Fermi
samples comparable in size with the largest alkali BECs [6].  We successfully cooled up
to 7 X 107 magnetically trapped 6Li atoms to below half the Fermi temperature (TF), an
improvement in atom number by a factor of 50 over the largest previously reported Fermi
sea.  Further, in samples containing up to 3 X 107 atoms, we observed temperatures as
low as 0.05 TF, the lowest ever achieved.  At these temperatures, the fractional
occupation of the lowest energy state differs from unity by less than 10-8.
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Large and ultra-degenerate Fermi sea. (a) Absorption image of 3 _ 107 6Li atoms released from the trap and
imaged after 12 ms of free expansion. (b) Axial (vertical) line density profile of the cloud in (a). A
semiclassical fit (thin line) yields a temperature T = 93 nK= 0.05 TF . At this temperature, the high-energy
wings of the cloud do not extend visibly beyond the Fermi energy, indicated in the figure by the
momentum-space Fermi diameter.

5. Collisions in zero temperature Fermi gases

The smoking gun of Bose-Einstein condensation has been the anisotropic “superfluid”
expansion of elongated condensates released from the trap.  Similarly, superfluid Fermi
gas would show anisotropic expansion due to superfluid hydrodynamics [7].  A recent
observation of anisotropic expansion of an ultracold, interacting, two-spin fermionic
mixture [8] has created considerable excitement and raised the question under what
conditions is this expansion a signature of fermionic superfluidity and not of collisional
hydrodynamics.

We examined the collisional behavior of two-component Fermi gases released at zero
temperature from a harmonic trap [9].  Using a phase-space formalism to calculate the
collision rate during expansion, we find that Pauli blocking plays only a minor role for
momentum changing collisions.  As a result, for a large scattering cross-section, Pauli
blocking will not prevent the gas from entering the collisionally hydrodynamic regime.
In contrast to the bosonic case, hydrodynamic expansion at very low temperatures is
therefore not evidence for fermionic superfluidity.

(a) Collision rate as a function of expansion time in the perturbative approximation for an initial aspect
ratio of 0.03.  Dashed line: total classical collision rate, thin line: classical rate for momentum changing
collisions, thick line: collision rate for fermions.  (b) Allowed fraction of collisions for a zero-temperature
two-spin Fermi gas. For an initial aspect ratio of 0.05, the fraction is 0.5, and approaches 0.55 for large
anisotropy.

6. Spectroscopic insensitivity to cold collisions in a two-state mixture of
fermions

We have experimentally addressed the relation between coherence and spectroscopic
measurements in a binary mixture of ultracold fermions.  We demonstrated that shifts of
spectroscopic lines are absent even in a fully decohered binary mixture, in which the
particles are distinguishable, and the many-body mean-field energy in the system has
developed [10].  We theoretically showed that this is a direct consequence of the coherent
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nature of the RF excitation, and is not dependent on the coherence of the sample on
which spectroscopy is performed.  Our calculation intuitively explains both our results
for fermions, and previous results for bosons obtained in Boulder [11].

Absence of mean-field shift of an RF transition in a binary Fermi system. The resonance curves were
measured for fully decohered 80%/20% two-state mixtures of fermions.  The measured frequency
difference between the two lines is (34 ± 146) Hz, even though a simple mean-field model would predict a
splitting of 20 kHz.
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New Experiment to Measure the Electron Electric Dipole Moment

Melanie Kittle
University of Texas at Austin

An electron can possess an electric dipole moment (edm) only if time reversal symmetry
(T) is violated.  No edm of any particle has yet been discovered.  CP-violation, equivalent
to T-violation by the CPT theorem, does occur in Kaon decays and can be accounted for
by the standard model.  However, this mechanism leads to an electron edm de of the order
of
10-38 e cm, whereas the current experimental bound on de is about 10-27 e cm.  However,
well-motivated extensions of the standard model such as supersymmetric theories do
predict that de could be as large as the current bound.  In addition, CP violation in the
early universe is required to explain the preponderance of matter over anti-matter, but the
exact mechanism of this CP violation is unclear. For these reasons, we are undertaking a
new experimental program to determine de to an improved accuracy of 10-29 e cm.  Our
experiment will use laser-cooled, trapped Cesium atoms to measure the atomic edm dCs
that occurs if de is not zero.  In order to do this, we will measure the energy splitting
between the atoms’ spin states in parallel electric and magnetic fields.  The signature of
an edm would be a linear dependence of the splitting on the electric field E due to the
interaction - dCs•E.  Our measurement will be much more sensitive than previous
measurements because atoms can be stored in the trap for tens of seconds, allowing for
much narrower Zeeman resonance linewidths.  Also, our method eliminates the most
important systematic errors, proportional to atomic velocity, which have limited previous
experiments.  In this presentation, we will describe the design of our new apparatus,
which is presently under construction.  An important feature of our experimental
apparatus is that magnetic field noise will be suppressed to a very low value of the order
of 1 fT/(Hz)1/2.  This requires careful attention to the Johnson noise currents in the
chamber, which have not been important in previous experiments.  In addition we will
present estimates of the limits of the various errors that we expect for our experiment.
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Universal Dynamics of a StronglyUniversal Dynamics of a Strongly--
InteractingInteracting Fermi GasFermi Gas

Michael GehmMichael Gehm
Physics DepartmentPhysics Department

Duke UniversityDuke University

04/16/2003 04/16/2003 
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OutlineOutline

•• Current work in atomic DFGsCurrent work in atomic DFGs

•• New frontier: Universal Behavior in StronglyNew frontier: Universal Behavior in Strongly--
Interacting Fermi Gases Interacting Fermi Gases 

•• Free Expansion ExperimentFree Expansion Experiment

•• Extraction of a Universal ParameterExtraction of a Universal Parameter

•• SummarySummary
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Atomic  DFGsAtomic  DFGs

4040KK Jin, JILAJin, JILA 19991999 magneticmagnetic

AtomAtom GroupGroup YearYear Trap Tech.Trap Tech.

66Li (Li (77Li)Li) Hulet, RiceHulet, Rice 20012001 magnetic magnetic 
66Li Li ((77Li)Li) Salomon, ParisSalomon, Paris 20012001 magneticmagnetic
66LiLi Thomas, DukeThomas, Duke 20012001 opticaloptical
66Li (Li (2323Na)Na) Ketterle, MITKetterle, MIT 20012001 magneticmagnetic
4040K K ((8787Rb)Rb) Inguscio, FlorenceInguscio, Florence 20022002 magneticmagnetic

Over the past several years, there have been a number of atomic degenerate Fermi 
gases created around the world. In every case, these degenerate gases were 
produced via evaporative cooling in a neutral atom trap. 

At JILA and in our own work at Duke, the evaporation is driven by collisions 
between two hyperfine states of a single atomic species. The other experiments use 
“sympathetic cooling” where the fermionic species shares the trap with a bosonic 
partner in thermal equilibrium. 

The NASA fundamental physics in microgravity program is well represented in the 
field---the Rice, Duke and MIT groups are all speaking at this conference.

34



4

Resonance SuperfluidityResonance Superfluidity

•• Critical temperatures as high as 0.5 TCritical temperatures as high as 0.5 TFF!!
•• Requires Feshbach resonanceRequires Feshbach resonance

–– For  our For  our 66Li mixture, need fields from Li mixture, need fields from 850850--1100 G1100 G

Holland, et al., PRL 87, 120406 (2001)

Timmermans, et al., Phys. Lett. A 285, 228 (2001)

Ohashi and Griffin, cond-mat/0201262 (2002) 

An exciting motivator in the field of atomic Fermi-physics is the possibility, first 
suggested only a few years ago, that the superfluid transition temperature might be 
extraordinarily high in the region where the interatomic interactions are enhanced 
by a Feshbach resonance. The system characterized by this transition lies in the 
“cross-over region” between weakly-bound cooper pairs and a BEC of tightly-
bound molecular dimers. 

The transition temperature for a harmonically-trapped degenerate gas of fermions is 
predicted to be as high as half of the Fermi temperature (several orders of 
magnitude larger than the transition temperature in metallic superconductors). 

In 6Li, our atom of choice, to access the resonance needed for this effect requires 
magnetic fields in the range of 850-1100 G.
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Feshbach ResonanceFeshbach Resonance

•• Result is magneticallyResult is magnetically--
tunable interaction:tunable interaction:

•• Energy of incoming atoms Energy of incoming atoms 
coincident with bound coincident with bound 
state in closed channelstate in closed channel

•• Matching of energies Matching of energies 
dependent on “splitting” dependent on “splitting” 
between potentialsbetween potentials

Strong interatomic interactions are produced in the system by a Feshbach resonance. 
In a Feshbach resonance, the energy of the colliding atoms is energetically tuned 
into resonance with a bound state on a closed exit channel. In 6Li, the two relevant 
channels are the single and triplet potentials. The triplet state tunes in a magnetic 
field, so the relative spacing between the potentials can be varied by changing an 
externally-applied magnetic field.

The result is a magnetically-tunable interaction, characterized by the zero-energy  s-
wave scattering length, which can take on all values.
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Feshbach ResonanceFeshbach Resonance

M.M. HoubiersHoubiers, , et alet al., Phys. Rev. A ., Phys. Rev. A 5757, 1497 (1998), 1497 (1998)

This plot shows the s-wave scattering length as a function of magnetic field for the 
two lowest hyperfine groundstates of 6Li. Two Feshbach resonances are shown, a 
narrow resonance at approximately 550G and a very broad resonance centered near 
850 G.

In addition, it is important to note another nice feature of this atomic system---the 
scattering length, and hence the interactions, are zero at zero magnetic field. Thus 
we can change from an interacting system to a non-interacting one (or vice-versa) 
simply by applying or removing a magnetic field.
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Unitarity LimitUnitarity Limit

•• Interaction length scale cannot truly become Interaction length scale cannot truly become 
infinite. Limited to length scale of wavepacket.infinite. Limited to length scale of wavepacket.

•• In a highlyIn a highly--degenerate Fermi systemdegenerate Fermi system
-- Scattering length saturates at smaller magnitude than inScattering length saturates at smaller magnitude than in

equivalent Bose systemequivalent Bose system

•• Majority of predictions in this field do not Majority of predictions in this field do not 
consider unitarity. Need to revise predictions now consider unitarity. Need to revise predictions now 
that many experiments operate in this limit.that many experiments operate in this limit.

There is, however, a problem with the simplistic view presented so far---it ignores 
the quantum-mechanical requirement of unitarity.

Because of the requirement of unitarity, the interaction strength cannot truly 
become infinite. The effective scattering length is, in fact, limited to approximately 
the inverse of the wavenumber. This has interesting implications in a Fermi system. 
For a degenerate Fermi system, there will be wavenumbers up to the Fermi 
wavenumber. In contrast, in a degenerate Bose system, the wavenumbers are all 
much smaller and correspond to the ground state of the confining potential. This 
means that the scattering length saturates to a much smaller value in Fermi systems 
than in Bose systems. 

Perhaps because unitarity is not particularly important in Bose systems, many of the 
early predictions about fermions did not consider this important fact. Now that all 
the major experiments are operating in regimes where the scattering length is 
resonantly enhanced, it is crucial to review earlier predictions in light of unitarity.
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IntermediateIntermediate--Density RegimeDensity Regime

Low Density:Low Density:

High Density:High Density:

Physical properties become independent of interaction Physical properties become independent of interaction 
details (including sign!)  System becomes universaldetails (including sign!)  System becomes universal——

results are applicable to all fermion systems!results are applicable to all fermion systems!

Intermediate Density:Intermediate Density:

In the extreme limitsIn the extreme limits

is the only scale left in the problem.is the only scale left in the problem.

Things become even more interesting when we start to consider many-body effects.

There are two natural limits when discussing these types of systems: the low density 
limit where the interaction length scale is much smaller than the interatomic 
spacing, so that many body effects are unimportant, and the high density limit 
where the interaction length scale is much larger than the range of the interaction 
potentials, in which case mean-field treatments are excellent approximations.

In the intermediate density regime, neither of these limits apply, and initially one 
might suspect the system is intractable. However, a very interesting thing happens 
in this limit. The two length scales of the interaction (the scattering length and the 
range of the potential) become effectively either infinity or zero---leaving the 
inverse Fermi wavenumber as the only  length scale in the problem

It has been suggested that systems in this regime are universal. The behavior of the 
system is independent of the details of the interaction and is applicable to all 
fermion systems.
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Universal BehaviorUniversal Behavior

•• All physical parameters in the system become All physical parameters in the system become 
proportional toproportional to

•• Measurement of proportionality constants Measurement of proportionality constants 
applicable to all stronglyapplicable to all strongly--interacting Fermi gasesinteracting Fermi gases

•• Viewpoint is applicable to search for Resonance Viewpoint is applicable to search for Resonance 
Superfluidity:  Superfluidity:  

If universal behavior does exist in the intermediate density regime, then all physical 
parameters become proportional to the Fermi parameters (which themselves are 
proportional to powers of the Fermi wavenumber).

Measurements of these proportionality constants should then be applicable to all 
Fermi systems in the intermediate density regime, regardless of the nature of their 
interactions.

The hunt for resonance superfluidity can then be viewed in this light as a quest to 
measure the universal proportionality constant between the transition temperature 
and the Fermi temperature.
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This is a schematic of the sequencing of our experiment.

We create a MOT of 6Li atoms in a UHV system. We then pass a single, focused 
CO2 laser beam into the system through ZnSe windows, placing the focus in the 
center of the MOT.

Several million 6Li atoms at 150 microKelvin are transferred into the dipole force 
trap formed at the focus, and the MOT beams are extinguished. We change the 
orientation of one magnetic field coil and apply 900G to the sample, initiating rapid 
evaporative cooling via the Feshbach resonance.

Once we have a highly degenerate sample, the CO2 laser is extinguished, allowing 
the gas to expand. After a desired expansion time, we pass a resonant absorption 
beam through the cloud and capture the shadow image on a CCD array.
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We can release the cloud for varying times and then image using absorption 
imaging to get the profile of the atomic cloud. The cloud starts in a long, cigar 
shape and expands in a very anisotropic manner. The narrow direction of the cloud 
expands quickly, while the initial long direction hardly moves. 

This is quite different from the behavior of a non-interacting degenerate Fermi gas, 
where the isotropy of the momentum would lead to the cloud taking on a spherical 
shape at long times.

This behavior was initially suggested as a hallmark of superfluidity, although we 
have shown that it can also arise as a result of unitarity-limited collisions. Thus, 
while we may have produced a superfluid, we cannot claim so at this point.

The image on the left show the cloud as it expands in time.

The plot on the right shows the expansion of the initially long dimension as a 
function of time.
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This plot shows the expansion of the initially narrow dimension as a function of 
time. It is quite clear that this direction expands much more rapidly than the long 
dimension.
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Aspect RatioAspect Ratio

This is a plot of the measured aspect ratio as a function of time (red dots with error 
bars). The red line which closely approximates the data is for purely hydrodynamic 
expansion with no free parameters. 

The blue data is for a non-interacting cloud. Note that it approaches an aspect ratio 
of 1 at long time---as we would expect. The curve passing through the blue data is 
for ballistic expansion with no free parameters..

The orange and green curves show what the expansion would look like if the system 
were not hydrodynamic, but did have repulsive or attractive mean field interactions, 
respectively.
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Cloud DimensionsCloud Dimensions

The previous slide showed that hydrodynamic expansion seemed to explain the 
observed data, however there was a non-negligible deviation at long times. This plot 
shows the growth of both the initially narrow (red) and initially  long dimensions of 
the cloud.

The solid curves are once again hydrodynamic expansion with no free parameters. It 
is clear that the radial expansion is well explained by this model. We do not yet 
have an explanation why the axial dimension of the cloud walks off the curve at 
long time.
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Universal Parameter Universal Parameter ββ

We define the universal parameter We define the universal parameter ββ, the ratio of the mean , the ratio of the mean 
field energy to the local Fermi energyfield energy to the local Fermi energy

Measurement of Measurement of β β is equivalent to a measurement of the is equivalent to a measurement of the 
meanmean--field energy per particlefield energy per particle

Baker, Rev. Mod. Phys., Baker, Rev. Mod. Phys., 4343, 479 (1971), 479 (1971)
RanderiaRanderia, , et. al.,et. al., Phys. Rev. B, Phys. Rev. B, 5555, 15153 (1997), 15153 (1997)
Baker, Phys. Rev. C, Baker, Phys. Rev. C, 6060, 054311 (1999), 054311 (1999)
Steele, Steele, nuclnucl--thth/0010066 (2000)/0010066 (2000)
HeiselbergHeiselberg, Phys. Rev. A, , Phys. Rev. A, 6363, 043606 (2001), 043606 (2001)
Carlson, Carlson, et. al.,et. al., physics/0303094 (2003)physics/0303094 (2003)

Exact value is an open question. Predictions spanning over Exact value is an open question. Predictions spanning over 
30 years:30 years:

From the expansion data we can make a first measurement of a universal parameter 
of a degenerate Fermi gas in the intermediate density regime.

In the universal regime, the contribution of the mean field to the chemical potential 
is proportional to the local Fermi energy. We define the constant of proportionality 
as β.

Measuring β is equivalent to measuring the mean-field energy per particle in units 
of the local kinetic energy. This parameter has been the subject of theoretical 
predictions for well over 30 years.
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Extracting Extracting ββ

Zero-Temperature, Non-interacting, Trapped Fermi Gas:

With Mean-Field Interaction:

Temperature Correction:

We Measure:

We can extract a measurement for β from our data by relating the kinetic energy of 
the released cloud to its size after expansion. We account for the finite temperature  
of the cloud with a Sommerfeld expansion of the density and for the mean-field 
interaction usng the parameter  β.
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Comparison to TheoryComparison to Theory

Duke Measurement:Duke Measurement:

PredictionsPredictions

Steele:Steele: --0.4600.460
HeiselbergHeiselberg:: --0.5400.540

Recent Measurement:
Bourdel, et. al., 
cond-mat/0303079 (2003)

PredictionsPredictions

RanderiaRanderia: : < < --0.410 0.410 
Baker:Baker: --0.6740.674

--0.4320.432
Steele:Steele: --0.6740.674
HeiselbergHeiselberg:: --0.6740.674

--0.3300.330
Carlson:Carlson: --0.5600.560

We measure beta=-0.26.

Most theoretical predictions are for the limit where the product of the Fermi 
wavenumber and the scattering length is infinite. Only a few prediction have 
explicit kF a-dependence which we can evaluate. 

We find qualitative agreement with the theoretical predictions. Quantitatively, we 
differ by roughly a factor of two. Where does this discrepancy come from? Recent 
experiments at ENS in Paris give an answer in close agreement with our 
measurement. Additionally, some of the best theoretical predictions explicitly 
ignore terms of order 25%. Further refinements to theory will no doubt help to 
reconcile the two values. Also, the initial experiments are not as sensitive to beta as 
we would like. Further experiments should allow us to refine our estimate and 
reduce the likelihood of systematic errors.
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SummarySummary

•• Unitarity limit has now become relevant for Unitarity limit has now become relevant for DFGsDFGs
•• Possibility of universal behavior in stronglyPossibility of universal behavior in strongly--interacting interacting 

Fermi systems leads to useful connections to other Fermi systems leads to useful connections to other 
branches of physics (nuclear, ??)branches of physics (nuclear, ??)

•• First experiments in intermediateFirst experiments in intermediate--density regimedensity regime
–– DukeDuke
–– JILA, Paris, MITJILA, Paris, MIT

•• Demonstration of mechanical stability (submitted to PRL)Demonstration of mechanical stability (submitted to PRL)
•• Theoretical treatment of unitarityTheoretical treatment of unitarity--limited elastic collision limited elastic collision 

rate (paper in preparation)rate (paper in preparation)
•• Looking for superfluid “smoking gun”Looking for superfluid “smoking gun”
•• Further studies of universal behaviorFurther studies of universal behavior

In summary, all the DFG experiments are now working in the strongly-interacting
unitarity-limited regime. This limits the applicability of many previous theoretical 
predictions and may serve as a test for recent theories of strongly-interacting Fermi
systems.

An exciting new feature of DFG physics is the possibility of universal behavior in 
these systems.

The first experiments in the intermediate-density regime have been performed in the 
past year.

Our work has shown that strongly attractive degenerate Fermi gases are 
mechanically stable, in contrast to Bose systems. We have also begun to explore the 
theoretical implications of unitarity on these systems.

We are currently working towards a clear-cut test for superfluidity in our 
experiment and are beginning further studies of universal behavior.

49



19

The TeamThe Team

Mike GehmMike Gehm
StaciStaci HemmerHemmer
John ThomasJohn Thomas
Ken O’HaraKen O’Hara
Stephen GranadeStephen Granade

Joe Joe KinastKinast
Andrey TurlapovAndrey Turlapov

50



Fast Rotating Scalar and Multi-Component Bose Gases

Tin-Lun (Jason) Ho
Physics Dept, The Ohio State University

We show that in the limit of large angular momentum, many equilibrium and dynamical
phenomena of scalar and multi-component Bose gases can be accounted for by
approximating the system to reside in an effective lowest Landau level (1), (2), (3).  This
method explains the origin of the mysterious stripe formation in fast rotating Bose gas
recently observed at JILA (4), and accounts for all the dynamical details observed in this
experiment.  To further demonstrate the usefulness of this method, we present its
predictions of the interference patterns of two vortex lattices (5), and rich vortex lattice
structures in multi-component Bose gases (6).

(1) Tin-Lun Ho, PRL 87, 060403 (2001).
(2) Erich Mueller and Tin-Lun Ho, PRL 88, 180403 (2002)
(3) Erich Mueller  and  Tin-Lun Ho, accepted for publication by PRA.
(4)  P. Engels, I. Coddington, P. C. Haljan, and E. A. Cornell , PRL, 89, 100403 (2002)
(5) and (6):  E. Mueller and T.L. Ho, to be published.
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Microgravity Electron Electric Dipole Moment
Experiment with a Cold Atom Beam

Harvey Gould

MS 71-259,
Lawrence Berkeley National Laboratory,

Berkeley, CA, 94720

INTRODUCTION

New physics beyond the Standard Model: The small CP violation contained in the Standard
Model is insufficient to account for the baryon/antibaryon asymmetry in the universe [Sakharov;
1967]. New sources of CP violation are provided by extensions to the Standard Model. They
contain CP-violating phases that couple directly to leptons and from which a large electron
electric dipole moment (EDM) may be generated. Observation of an electron EDM would be
proof of a Standard Model extension because the Standard Model only allows an electron
EDM of less than 10-57 C-m (S.I. units; 1 C-m = 1.6 x 10-21 e-cm).  A null result, however,
constrains models and  improving the limit tightens constraints, further restricting the models.

Any discovered new source of CP-violation not contained in the Standard Model will immedi-
ately lead to the question “How strongly does it couple to leptons?”  The electron EDM experi-

ment is the experiment that can best an-
swer that question - better than any high
energy physics experiment: the electron
is stable and it can be precisely probed
inside an atom.  And the attractiveness of
an electron EDM experiments using at-
oms is that it is sensitive only to a CP vio-
lating coupling to leptons - there is no
existing effect to be subtracted out.

A microgravity electron EDM experiment
can achieve a greater sensitivity than a
laboratory experiment because in micro-
gravity the atoms travel slowly, at a uni-
form velocity, allowing a far greater in-
teraction time, reducing the linewidth and
better cancelling motional systematic ef-
fects.

Electron EDM experiments using at-
oms - Electron EDM experiments search
for an EDM in a neutral atom (or mol-
ecule). The atom establishes a neutral sys-

Fig.1: Electron EDM predictions and
experimental upper limits in S.I. units (1 C-m =
1.6 x 10-21 e-cm) based upon Fig. 1 of
[Pendlebury & Hinds, 2000]. The shape of the
theory limit envelopes are not intended to
represent any distribution of models.
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tem and may provide an enhancement to the electron EDM. This enhancement, R, the ratio of
an atomic EDM to a (valence) election EDM, is a relativistic effect and reaches large values for
many high atomic-number atoms. It is 115 ±15 for the ground state of cesium [Johnson et al.,
1986; Sandars; 1966]. Most important, the discovery of an electron EDM, far larger than pre-
dicted by the Standard Model, does not depend upon the error in the calculated enhancement
effect being small.

Electron EDM experiments search for a change in a transition energy upon reversal of an exter-
nal electric field. The electric field reversal separates a time-reversal (T) violating and parity (P)
violating EDM from the T- and P- allowed quadratic Stark effect (Fig. 2). The experiment looks
for a change in transition energy between different mF levels (z projections of the total angular
momentum F = I+J where I = 7/2 is the nuclear spin in Cs and J = 1/2 is the electronic angular
momentum of the 62S1/2 state). Using both the F = 4, mF = -4  →  mF = 3 and F = 4, mF = 4 →
mF = -3 transitions to search for the EDM subtracts out the contribution of an incomplete rever-
sal of the electric field
and the first order effect
of any residual magnetic
field.  Other transitions
can be used to test for
systematic effects. For
example, the F = 4, mF =
-4 →  mF = 1 transition
is some thirty times more
sensitive to motional sys-
tematic effects. This al-
lows one to distinguish a
true EDM from the most
troublesome systematic
effect.   In the absence of
an EDM or systematic ef-
fect, there is no observed
effect.

Since 1964 the majority of electron EDM experiments have used atomic beams in free space,
unperturbed by light or frequent collisions; a feature shared by atomic clocks, which they re-
semble. Not surprisingly, the development of atomic beam EDM experiments has followed the
development of atomic clocks and it is expected that EDM experiments will follow laser-cooled
atomic clocks into microgravity.

EXPERIMENT

Experimental overview: The signature of the EDM is a net shift in the mF = 4 →  mF = -3 and
mF = 3 →  mF = -4 transition frequencies upon reversal of the electric field. Cesium atoms
launched from a megneto-optic trap at 0.1 m/s - 0.2 m/s  (and cooled in the moving frame to 2
µK) enter a set of electric field plates with no voltage applied (Fig. 3). The voltage is then
applied when the atoms are between the plates. This avoids acceleration of the atoms by electric

Fig. 2. Quadratic Stark effect in the cesium 62S1/2 F = 4 ground state.
There is no magnetic field. The effect is quadratuc in E and therefore
unchanged upon a reversal of E.  An electron EDM however, adds a linear
term that scales as E.
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field gradients and defocusing effects from the fringe fields. After one second the field has
stabilized and charging currents subsided. The mF = +4, F = 4 level of the 62S1/2 state is popu-
lated by optically pumping and an oscillatory field, perpendicular to the electric field is applied.
This oscillatory field induces a seven photon transition from the mF = 4 level to the mF = -3
level or from the mF = -4 level, to the mF = 3, level (Fig. 2). The experiment will switch
between the two sets of initial and final states.

When, in microgravity, the atoms, traveling at 0.2 m/s though the electric field plates, reach the
opposite end they will be reflected by the electric field gradient. At 0.2 m/s and in a field of 21
MV/m they will penetrate until the electric field drops by 0.14%.  At this point their longitudi-
nal velocity is zero, and they reverse direction and accelerate back to 0.2 m/s.

The reflection is identical for both electric field polarities and the brief 0.14% change in field
will not affect the Ramsey resonance or the EDM measurement. As the atoms near the electric
field plate entrance the oscillatory field is applied for the second time.

Atoms making the seven-photon transition to the mF = -3 (or mF = 3) of the F = 4 level will be
optically pumped into the F = 3 hyperfine level  of the 62S1/2 state. From here they are cycled to
the F = 2 level of the 62P3/2 state and the fluorescence photons detected. The atoms remaining
in the mF = 4 (or mF = -4) level are measure, for normalization, by detecting the fluorescence
photons from the cycling transition to the  F = 5 level of the 62P3/2 state.

Multiple quantum transitions and linewidth: The linewidth is determined by the interaction
time (in this case about ten seconds) and the multiplicity of quanta in the transition. The lin-
ewidth will be further narrowed by using seven identical photons in the mF = 4 → mF = -3 and
mF = -4 → mF = +3 transitions. If the photons are identical (and certain other conditions are
met), the linewidth is shared among the 7 quanta and the observed linewidth is narrowed by
roughly a factor of 7 [Gould et al., 1969; Gould, 1976; McColm, 1996].

Motional magnetic field effect:  To be sensitive to an electron EDM, measurements will be
made between levels of different |mF| which also makes the measurements sensitive to internal
and external magnetic fields. The most infamous of these is the motional magnetic field effect.

The motional magnetic field,  Bmot seen by a neutral atom moving through a static electric field
E, with a velocity v, is given (S.I. units, lowest order) by Bmot = vxE/c2 where v is the velocity
of the atom, E, the electric field, and c, the speed of light. The magnitude of Bmot remains

trap

transverse
focusing

longitudinal
focusing

magnetic 
shielding electrodes 

pulsed
rf loop

state preparation
and detection region

Fig. 3. Schematic of a slow atom microgravity electron EDM experiment
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constant upon a reversal of E. However when Bmot is added to an external magnetic field, B0 a
component of the magnetic field in the direction of E can change when E is reversed.

The interaction of the atom’s magnetic dipole moment with this magnetic field component,
which changes synchronously with the electric field reversal, mimics an EDM. An external
magnetic field, B0 has here to fore been used to lift the degeneracy between the mF levels,
allowing transitions between them. The elimination of this and other residual magnetic fields
(such as those 1 nT fields remaining after magnetic shield deGaussing) will greatly reduce the
motional magnetic field effects.

Electric field quantization: The systematic due to motional magnetic fields can be reduced far
below experimental sensitivity by making the interaction with the electric field much larger
than the interaction with the magnetic field (electric field quantization) [Player and Sanders;
1970.]

The J = 1/2 ground states in alkali atoms have very small electric field splittings between the
|mF| levels (Fig. 2) and electric field quantization is feasibly only by eliminating all external
magnetic fields. Even then, the electric field splittings are too small for resonance transitions in
a thermal atomic beam experiments with transition linewidths of several hundred Hz .  How-
ever the extremely narrow linewidth of a cold atom microgravity experiment makes it feasible
to use electric field quantization in the alkali ground state.
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Evaporative cooling in a Holographic Atom Trap

Raymond Newell
University of Wisconsin- Madison

We present progress on evaporative cooling of 87Rb atoms in our Holographic Atom Trap
(HAT). The HAT is formed by the interference of five intersecting YAG laser beams:
atoms are loaded from a vapor-cell MOT into the bright fringes of the interference pattern
through the dipole force.  The interference pattern is composed of Talbot fringes along
the direction of propagation of the YAG beams, prior to evaporative cooling each Talbot
fringe contains 300,000 atoms at 50 µK and peak densities of 2 X 1014 cm-3.  Evaporative
cooling is achieved through adiabatically decreasing the intensity of the YAG laser.  We
present data and calculations covering a range of HAT geometries and cooling
procedures.
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RACE AND CALCULATIONS OF THREE DIMENSIONAL 
DISTRIBUTED CAVITY PHASE SHIFTS 

Ruoxin Li and Kurt Gibble, The Pennsylvania State University,  
State College, PA 

1. ABSTRACT 

The design for RACE, a Rb-clock flight experiment for the ISS, is described.  The cold collision 
shift and multiple launching (juggling) have important implications for the design and the resulting 
clock accuracy and stability.  We present and discuss the double clock design for RACE. This design 
reduces the noise contributions of the local oscillator and simplifies and enhances an accuracy 
evaluation of the clock. 

As we try to push beyond the current accuracies of clocks, new systematic errors become 
important.  The best fountain clocks are using cylindrical TE011 microwave cavities.  We recently 
pointed out that many atoms pass through a node of the standing wave microwave field in these cavities.  
Previous studies have shown potentially large frequency shifts for atoms passing through nodes in a 
TE013 cavity.  The shift occurs because there is a small traveling wave component due to the absorption 
of the copper cavity walls.  The small traveling wave component leads to position dependent phase 
shifts.  To study these effects, we perform Finite Element calculations.  Three-dimensional Finite 
Element calculations require significant computer resources.  Here we show that the cylindrical 
boundary condition can be Fourier decomposed to a short series of two-dimensional problems.  This 
dramatically reduces the time and memory required and we obtain (3D) phase distributions for a variety 
of cavities.  With these results, we will be able to analyze this frequency shift in fountain and future 
space clocks. 

2. INTRODUCTION 

The principal advantage of microgravity for atomic clocks is interrogation times longer than 1 s.  
With a 10 s interrogation time, a clock has a 50 mHz linewidth suggesting that accuracies may approach 
10−17.  However, to achieve greater accuracy within the same averaging time, greater stability is needed. 
RACE is based on Rb to avoid the large cold collision shift of Cs.[1,2]  This may allow simultaneously 
high short-term stability and accuracy. We have three primary goals: (1) Demonstrate new clock 
techniques for laser-cooled atoms to enable frequency comparisons with accuracies of 1 part in 1017. (2) 
Significantly improve the classic clock tests of general relativity. (3) Distribute accurate time and 
frequency from the ISS. We review the design constraints and discuss the double clock design for 
RACE. 

Current atomic fountain clocks have inaccuracies near 10−15.  Losses in the microwave cavities 
lead to small traveling wave components that deliver the power from the cavity feed to the walls of the 
cavity.[3]  The small traveling wave components produce a microradian distribution of phases 
throughout the cavities, and therefore distributed cavity phase shifts need to be considered.  LeMonde et 
al. have shown that there are large phase shifts in multi-Rabi TE013 cavities due to the traveling wave 
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component near the nodes of the standing wave.[4]  These phase shifts produce large frequency shifts of 
order 10−13 for π /2 excitation and  10−11 for 3π /2 pulses. 

Using finite element analysis to study the TE011 microwave cavity, we found that there are nodes 
through which the atoms pass.[5]  The nodes occur in the cut-off waveguide sections used to prevent 
microwave leakage from the cavity.  By symmetry, the lowest coupled mode is the TE01. The 
longitudinal magnetic field in the TE01 waveguide mode reverses between the center and the copper 
boundary.  Therefore, there must be a node in the time-dependent field the atoms experience as they 
pass through the cavity with trajectories near the waveguide wall.  Hence one might expect large phase 
shifts due to traveling wave components for these atoms. 

Three-dimensional Finite Element calculations require significant computer resources.  Here we 
show that the boundary condition on the cylindrical cavity walls can be Fourier decomposed in a basis 
of cos(nϕ).[6]  This reduces the 3D problem to a Fourier series of 2D problems.  Because the atoms pass 
through the center of the cavity and because the wave equation solutions are proportional to ρn, only 3 to 
4 terms in the series are required to accurately calculate the 3D phase of the microwave field.  This 
reduces hours of calculations to seconds.  With these results, we can analyze the frequency shifts in 
earth and space clocks due to distributed cavity frequency shifts. 

3. DESIGN OF JUGGLING CLOCKS AND RACE 

To achieve the potential accuracy of laser-cooled microgravity clocks with reasonable 
integration times, atoms must be multiply launched (juggled).  Juggling imposes several constraints on 
the design of a microgravity clock.  Shutters are needed to block the light scattered from trapping, state 
preparation, and detection from the interrogation region.  In Figure 1, we show a design for a juggling 

 
Figure 1. Schematic for juggling microgravity Rb clock RACE.  The double MOT launches atoms at high speed from the
(upper) vapor trap to the (lower) UHV trap so that the shutter between the traps can be nearly always closed.  The shutters
between the UHV trap and the cavities are nearly always open except during the ≈5ms that the light for the UHV trap is
turned on.  The atoms are alternately launched left or right to go through one clock cavity or the other. 
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microgravity clock that has a pair of shutters surrounding the Ramsey cavity.  This is a design for our Rb 
microgravity clock, RACE.  First we discuss the laser trapping and cooling techniques and then the 
advantages of having 2 clock cavities. 

The double-MOT[7,8] allows a high throughput of cold atoms and therefore a high short-term 
stability.  The high throughput is possible because the double-MOT can rapidly capture many cold 
atoms and then efficiently launch them through the Ramsey cavity.  The “upper” vapor cell trap in Fig. 1 
essentially continuously traps atoms and then launches them at 5-10 m/s to the UHV trap “below.” 
Because of the high launch velocity from the vapor cell trap, the atoms pass quickly through the shutter 
separating the 2 traps. This implies that the shutter only needs to open for the short time that the ball of 
atoms flies through, and only during that time must the lasers for the vapor-cell trap be extinguished to 
prevent light from entering the interrogation region. 

The real advantage of the double-MOT design comes from the fact that the UHV trap can 
capture and launch a ball of atoms in as little as 5 ms. This implies that the shutter separating the UHV 
trap and interrogation region only has to close for 5 ms for each launch and therefore is nearly always 
open.  This allows a high throughput since, if the shutter is ~10 cm from the center of the UHV trap, the 
ball of atoms will have expanded considerably before reaching the shutter. For our juggling Cs 
experiment,[8] it was crucial to reduce the trapping and cooling time of the UHV trap be able to study 
collisions at low energies (corresponding to juggling rates as high as 140 s-1. 

One also has to worry about the effect of the trapping light on the previously launched ball of 
atoms from the 2nd trap.  Again, this was a crucial step in our Cs juggling experiment.  By “hiding” the 
ball in the lower hyperfine state immediately after the launch, and by carefully controlling the low 
intensity repumping light to the 2nd trap, we can capture and launch balls of atoms almost on top of one 
another.[8] 

The RACE schematic in Fig. 1 shows 2 clock cavities.  After atoms are collected in the lower 
laser trap, they are launched either through one cavity or the other.  Having 2 cavities is important for a 
number of reasons.  One advantage is that it greatly reduces the requirements for the local oscillator. 
Few oscillators can perform at the σy(τ) = 3×10-15 τ-½ level and there would be significant work required 
to develop their flight worthiness. The essential problem with only a single cavity results from the fact 
that the microwave frequency fed to the cavity must be changed from one side of the transition to the 
other. During the switch-over, all of the atoms must be cleared from the cavity and this means the 
oscillator is not tracked for about 10 s when T = 10 s.  With 2 cavities, we can do the switch-over for 
one cavity while still monitoring the oscillator with the other cavity and therefore the stability of the 
clock is so affected by the local oscillator instability. 
Vibrations on the ISS in the direction of the launch velocity cause a noise in the interrogation time.  
With 2 cavities, the 2 detected signals will behave oppositely so that the effects of vibrations can be 
identified, correlated with an accelerometer, and removed.  Furthermore, one of the largest systematic 
errors is the AC Stark shift due to blackbody radiation at 300K.  A measurement of the red shift and 
time dilation with frequency inaccuracies of 10-17 demands absolute knowledge of the average 
temperature in the clock cavity at the 0.01K level. Having 2 cavities will allow a critical check on our 
accuracy evaluation. In addition, having 2 cavities gives important redundancy.  For example, if a 
shutter fails in the closed position, we will still be able to achieve mission success goals (although 
requiring longer averaging times). 
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4. CALCULATIONS OF DISTRIBUTED CAVITY PHASE SHIFTS  

Nearly all current primary fountain clocks use a cylindrical TE011 cavity to excite the atoms.  In 
Figure 2, we show contours of the magnitude of the longitudinal magnetic field (Hz) in a TE011 cavity.  
Those atoms that pass near the wall of the waveguide when they enter or exit the cavity first experience 
a field that is reversed (π phase shift) relative to that at the center of the cavity.[5]  Therefore, there must 
be nodes for atoms passing near the walls and, from [4], one could expect large phase errors for atoms 
passing through these regions.  In fact, atoms going through nearly half of the area of the aperture on 
each pass see a field reversal and therefore a node in the field. 

Losses in the cavities imply there is a small traveling wave component in addition to the large 
standing wave.  The traveling wave component leads to phase gradients in the cavity.[3,9]  Therefore, 
atoms passing through different regions, especially different regions on the upward versus downward 
passages, see a different effective phase of the microwave field.  This can lead to a frequency shift of the 
clock known as the distributed cavity phase shift.[10]  The distributed cavity phase shifts can be 
particularly large at nodes of the field as the traveling wave dominates at the nodes of the standing wave. 

The traveling wave field, due to the losses, is not easy to calculate analytically – it mixes many 
modes.  Khursheed, Vecchi, and DeMarchi used a finite element method to calculate the traveling wave 
field and the phase shifts for an infinitely long two-dimensional cylindrical cavity.[9] Extending the 
calculations to three dimensions requires vastly greater memory and computation time; the time required 
scales as T2D

3/2.  Here we show that the three 
dimensional problem can be expressed as a quickly 
converging series of two-dimensional problems.  
This shortens calculations requiring hours on current 
personal computers to seconds. 

Following Khursheed, Vecchi, and 
DeMarchi, we can decompose the microwave field 
in the cavity into a standing wave H and a small 
traveling wave g.[9]  Here, we are particularly 
interested in the z components (along the cylindrical 
axis) of these fields.  H, g, and, by superposition, 
H+g are solutions to Maxwell’s equations.  The 
boundary conditions for Hz are zero on the top and 
bottom endcaps and a zero normal derivative on the 
cylindrical walls of the cavity and the cut-off 
waveguide sections.  For gz, the boundary conditions 
on the top and bottom endcaps is 

( )1 ˆ ˆ 
2z

ig n H z
σµω
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is the vacuum permittivity, µ is the vacuum 
permeability, σ is the conductivity (of copper), and k 
is the microwave wave vector.  These cavities are 
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Figure 2.  Contours of the magnitude of the longitudinal 
magnetic field, Hz, in a cylindrical TE011 cavity.  The 
cavity height 26.075 mm, the radius is 25.5 mm, and the 
apertures have a 1cm diameter. The field near and in the 
cut-off waveguide sections are magnified by 4, 16, and 
64 times.  The line of field nodes (blue) in the below cut-
off waveguide sections extend into the cavity and can be 
clearly seen in the magnified section.  The field strength, 
where the cut-off section meets the cavity (red), is 
comparable to the peak field in the (red) center of the 
cavity (with π phase shift).  
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fed by one, two, or four small holes distributed around 
the cavity’s midsection.  At the feed, the boundary 
condition for ∂gz/∂n is given by balancing the power 
fed into the cavity against the losses in the walls.  An 
example of the boundary condition at the midsection 
for a single cavity feed is shown in Figure 3. 

The boundary condition in Figure 3 can be 
expressed as a Fourier series ( ) cos( )n

n
A z nφ∑ and we 

can write ( , , ) ( , ) cos( )z n
n

g z g z nρ φ ρ φ= ∑ .[6]  Then, 

gn satisfies the two-dimensional wave equation 
2 2

2
2 2
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n k g z

z
ρ ρ

ρ ρ ρ ρ
  ∂ ∂ ∂− + + =  ∂ ∂ ∂  

    (1). 

Because the feed is very small, to preserve a cavity Q > 10,000, many n are required to get the full 
solution of gz; as the feed approaches a delta function, n → ∞ is required.  However, for ρ→0, the 

−π π

6

φ

zg
n

∂
∂

0 φ
-0.02

-0.018

−π π

zg
n

∂
∂

−π π

6

φ

zg
n

∂
∂

0
−π π

6

φ

zg
n

∂
∂

0
−π π

6

φ

zg
n

∂
∂

0 φ
-0.02

-0.018

−π π

zg
n

∂
∂

φ
-0.02

-0.018

−π π

zg
n

∂
∂

-0.02

-0.018

−π π−π π

zg
n

∂
∂

Figure 3.  Boundary condition for the traveling wave
field gz at the midsection of a cavity with a single
feed.  Power is supplied at ϕ ≈ 0 and there are small
losses at all other ϕ.  The 1% variation of the losses is
due to the proximity of the TE311 modes and could be
neglected. 
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Figure 4a.  Phase contours of Hz+gz and the Poynting vector in I) the x-z plane and II) the z=0 plane. Phase contours are
25 µrad steps.  Each is shown for 1,2, & 3 terms in the azimuthal expansion.  III) The phase (solid line) and errors
(dashed lines) plotted versus x and y for z=0.  The error is the difference between the phase for N terms versus that for 65
terms.  For 3 terms (n=0-2), the maximum phase error in the central region is ≈10%. 
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asymptotic solution to Eq. 1 is ρn.  Since the atoms pass through the center of the cavity, gn, for large n, 
has a negligible effect and, as we show next, only n ≤ 2-3 is required. 

We Solve Eq. 1 on a triangular lattice for the cavity in Figure 2 for a variety of cavity feeds.  For 
a single cavity feed, we choose the feed to be on the positive x-axis.  The solution is symmetric about 
the x-y plane.  (The solution is also symmetric about the x-z plane and therefore gz is an expansion in 
cos(nϕ).)  We therefore mesh ρ,z ≥ 0 with 3,200 to 50,000 triangles and solve for gn with n=0-64.[11] 

In Figures 4a and 4b, we show the phase contours and Poynting vectors from a sum of gn for 
n=0-N for N=0-4 & 64.  The n=0 term exactly describes a cavity that is fed azimuthally symmetrically at 
the midsection.  Therefore, this term has very small phase gradients and the Poynting vectors show 
power flowing in at the midsection and flowing to all the other surfaces.  For the n=1 midsection, power 
is supplied for positive x and, for negative x, power is removed to nearly balance that supplied by n=0.  
Higher n further distributes the power in the plane to construct the small feed.  Due to the proximity of 
the TE311 resonance, the n=3 term has a noticeable effect on the power flow in the cavity.  The series 
converges very rapidly; for 3 terms, the phase error near the center of the cavity is ≈10% and for 4 terms 
it is less than 1%.  The rapid convergence shows that the atoms are insensitive to localized cavity losses 
at surfaces far from the atoms’ trajectories – it is only the average absorbed power over �ϕ≈π/4 that 
affects the phase of the microwave field seen by the atoms.  Irregularities in the cut-off waveguide 
sections, especially where the field is large near the junction of the cut-off section and the cavity, may 
have important effects. 

Cavities with two and four feeds are commonly used.[12]  These avoid the large flow of power 
across a cavity with a single feed that leads to the large phase gradient along the x axis shown in Figs. 4.  
In Fig. 5, we show calculations for two and four feeds.  For two (four) feeds, gz is a sum over gn for 
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Figure 4b.  The same quantities in Fig. 4a for 4, 5, and 65 terms of the azimuthal expansion.  For 4 terms, the error is less
than 1% or 1µrad. 
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n=0,2,4,6, … 
(0,4,8,12,…).  These 
show significantly 
smaller phase gradients 
than a cavity with a 
single feed. 

Armed with the 
three dimensional phase 
in the cavity, the atomic 
responses to the 
microwave field can be 
calculated.  The 
dramatically faster 
computation of a series 
of 2D calculations will 
facilitate the 
optimization of cavities 
for atomic clocks.  We 
are currently analyzing 
the effects of the large 
phase shifts near the 
standing wave nodes. 
This is important for the 
currently operating 
atomic clocks.  For 
future clocks, it is not 
difficult to eliminate the 
nodes.  One cavity 
design that eliminates 
this potential error is 
shown in Figure 6.[5]  
A larger diameter section of cut-off waveguide is used.  In this large diameter section the nodes are not 
sampled by the atoms and the field decays to a sufficiently small level.   Then the smaller diameter 
waveguide section, which sets the cavity aperture, follows to insure a sufficiently small microwave 
leakage. 

5. CONCLUSIONS 

To achieve the potential accuracy of laser-cooled microgravity clocks with reasonable 
integration times, atoms must be multiply launched (juggled).  The short-term stability is proportional to 
the launch rate and this in turn implies that high accuracy and stability favor long interrogation regions. 
Laser-cooled microgravity clocks can achieve short-term stabilities approaching σy(τ) = 3×10-15 τ-½. At 
this stability, the largest uncertainty in a Cs microgravity clock is likely to be the cold collision 
frequency shift. By using 87Rb, the collision shift is 50 times smaller allowing an accuracy of 10-17. We 
describe the design of our Rb microgravity clock which uses a double-MOT and 2 cavities.  This 
simplifies the trapping and shutter design while maintaining a high throughput of cold atoms, minimizes 

I)

II)

III)

2 feeds 4 feeds

-30

30x

y
r (mm)

)( radµφ

-5 5 x
45°

)( radµφ

r (mm)
5

-10

10
0

I)

II)

III)

2 feeds 4 feeds

I)

II)

III)

I)

II)

III)

2 feeds 4 feeds2 feeds 4 feeds

-30

30x

y
r (mm)

)( radµφ

-5 5 x
45°

)( radµφ

r (mm)
5

-10

10
0

-30

30x

y
r (mm)

)( radµφ

-5 5 x
45°

)( radµφ

r (mm)
5

-10

10
0

-30

30x

y
r (mm)

)( radµφ

-5 5

-30

30

-30

30x

y
r (mm)

)( radµφ

-5 5
x

y
r (mm)

)( radµφ

-5 5
x

y
r (mm)

)( radµφ

-5 5
x

y
r (mm)

)( radµφ

-5 5-5 5 x
45°

)( radµφ

r (mm)
5

-10

10
0 x

45°
)( radµφ

r (mm)
5

-10

10
0 x

45°
)( radµφ

r (mm)
5

-10

10
0

 
Figure 5.  Phase contours of Hz+gz and the Poynting vector for cavities fed by 2 and 4 
ports in I) the x-z plane and II) the z=0 plane. Phase contours are 25 µrad steps.  III) The 
phase for z=0 plotted versus x and y for the 2 feeds and versus x and along x=y for 4
feeds.  Both show smaller phase gradients than a cavity with a single feed. 
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the local oscillator requirements, eliminates errors 
due to vibrations, and provides failure and 
accuracy redundancy. 

The commonly used TE011 cylindrical 
cavities have nodes in the field regions sampled by 
the atoms.  Near the nodes there may be significant 
phase shifts, especially near the wall of the cutoff 
waveguide apertures, and this effect may interact 
with other errors to produce a tilt sensitivity of 
fountain clocks. 

We have shown that the 3D distribution of 
the phase of the microwave field in a cavity can be 
expressed as a 2D azimuthal expansion.  This 
dramatically reduces the needed computing time 
(and memory). These gains will facilitate 
improvements in microwave cavity designs for 
earth and space-based atomic clocks. 
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Figure 6.  Contours of the magnitude of Hz in a cylindrical 
TE011 cavity with cutoff waveguide sections of different 
diameter.  The larger diameter waveguide sections have 
nodal lines outside of the region through which atoms 
pass.  In the smaller diameter section, Hz, while it has 
nodes, can be sufficiently small.  
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